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I.  INTRODUCTION 


The  application  of  PLIR  systems  to  several  high  performance  air- 
craft such  as  the  B-1,  F-4  and  P-Hl,  req\iires  that  large-size  infrared 
windows  capable  of  transmitting  energy  between  0.5  and  13  micrometers  be 
available.  Furthermore,  to  withstand  the  thermal  stresses  and  the  hostile  en- 
environment  encountered  by  such  aircraft  the  window  material  must  also  exhibit 
good  thermal  stress  and  resistance  to  rain  erosion.  Finally,  it  is  important 
that  the  cost  of  the  optical  components  (such  as  windows)  for  these  systems  be 
procurable  at  a reasonable  cost. 

In  earlier  forms  of  airborne  electrooptical  and  PLIR  systems  used 
in  subsonic  aircraft,  the  conventional  material  for  windows  in  the  8 to  12 
micrometer  region  was  germanium,  with  oxide-glasses  serving  the  visible 
and  near  Infrared  region  including  1.  06  micrometers.  Both  of  these  materials 
are  strong  and  durable,  but  germanium  has  a major  disadvantage  for  use  in 
high-speed  flight  where  aerodynamic  heating  results  in  a substantial  increase 
in  absorption  of  the  window  at  infrared  wavelengths  that  at  the  same  time  intro  - 
duces optical  distortion.  Both  absorptions  and  distortions  can  be  reduced  to 
acceptable  levels  by  replacing  the  germanium  with  zinc  selenide.  A further 
advantage  of  this  replacement  is  the  possibility  of  using  the  same  window  at 
all  the  required  wavelengths  - visible  for  occular  or  TV  systems,  LLI/FV  for 
wavelengths  beyond  0.75  A‘m,  1.  06  jum  for  laser  designation,  3 to  5 (unn  for 
pulse  seekers  and  8 to  13  jum  for.  PLIR' s. 

The  major  drav/backs  to  the  use  of  state-of-tiie-art  zinc  selenide 
over  this  wide  bandwidth  are  its  durability  and  cost.  The  durability  (i.  e.  , it 
rain  erosion  resistance)  of  zinc  selenide  can  be  .significantly  increased  by  the 
use  of  dopants  such  as  silicon  and/  or  aluminum.  Unfortunately  the  addition  of 
these  dopants  even  in  small  concentrations  significantly  increase.^  the  short 
wavelength  scatter  and  yields  a material  that  is  not  satisfactory  for  u.se  at 
these  latter  wavelengths. 
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An  alternate  approach  to  the  problem  and  the  one  evaluated  in 
this  program  is  to  fabricate  a composite  window.  The  composite  consists 
of  a primary  element  which  is  zinc  selenide  of  sufficient  thickness  to  resist 
both  mechanical  fracture  and  optical  distortion  under  the  expected  aero- 
dynamic and  mechanical  loads.  The  zinc  selenide,  in  turn,  is  covered  by 
a layer  of  a high  durability  material,  namely,  CVD  zinc  sulfide.  This 
material  is  grown  on  an  optically  polished  zinc  selenide  surface  by  chemical 
vapor  deposition  techniques.  This  technique  eliminates  the  need  of  anti- 
reflection  coatings  at  this  interface  and  the  need  for  optically  figuring  the 
external  surfaces  after  fabrication  since  optical  path  variations  are  minimal. 

The  thickness  of  the  zinc  sulfide  layer  needed  to  increase  durability  to  an  acceptable 
level  is  less  than  one-tenth  of  an  inch.  Under  these  conditions,  the  transmittance 
of  the  composite  will  essentially  be  equal  to  the  transmittance  of  the  zinc  selenide. 


To  reduce  the  cost  of  the  zinc  selenide  substrate,  three  alternate 
vapor  deposition  processes  were  experimentally  evaluated  during  this 
program,  These  were  an  elemental  vapor  deposition  process,  a physical 
vapor  deposition  process,  and  a modified  chemical  vapor  deposition  process. 
The  results  of  the  experimental  work  indicated  that  the  modified  CVD  process 


n.  FABRICATION  TECHNIQUES  FOR  LOW-COST  ZINC  SELENIDE 


a.  Convent!  jnal  Chemical  Vapor  Deposition 

The  Raytheon  Research  Division  has  been  actively  engaged  in  the 
fabrication  of  optical  materials  by  the  chemical  vapor  deposition  process 
(CVD)  for  a number  of  years.  In  this  process  a material  is  formed  as  the 
product  of  a high-temperature  chemical  reaction  involving  one  or  more  gases. 
Each  gas  is  an  element  (or  a compound  containing  the  element)  of  the  material 
to  be  deposited.  The  gases  flow  into  the  deposition  chamber  of  the  furnace 
where  they  mix  and  react  to  form  a dense  solid  on  an  appropriate  substrate. 

CVD  processes  generally  yield  a high-purity  material  because  the 
vapors  tend  to  be  self -distilled  during  transport  to  the  reaction  zone.  Under 
correct  thermodynamic.,  kinetic  and  gas  dynamic  conditions  coherent  and 
dense  polycrystalline  material  will  deposit.  The  mode  of  deposition  can  be 
visualized  as  a molecule  by  molecule  buildup  of  material  which  creates  a 
theoretically  dense  deposit. 

Zinc  selenide  is  deposited  by  CVD  techniques  according  to  the  follow  - 
ing  chemical  reaction: 

Zn(v)  + HgSelg)  — » ZnSe(s>  + Ilglg)  (1) 

The  zinc  vapor  is  generated  by  heating  the  metal  under  a reduced  pressure 
and  introducing  it  into  the  reaction  zone  as  a vapor  by  means  of  a carrier 
gas.  The  hydrogen  selenide  ges  which  is  stored  external  to  the  furnace  is 
passed  directly  into  the  reaction  zone.  In  the  reaction  zone  the  two  gases 
react  to  deposit  the  material.  The  Ijyproducts  of  the  reaction  are  pumped 
away  and  disposed  of  by  suitable  methods.  For  laser  quality  material  the  de- 
position process  is  carried  out  at  750*  C at  a deposition  rate  of  approximately 
0.005  in/ hr.  A typical  set  of  properties  of  this  material  are  listed  in  Table  1. 


TABLE  1 


PROPERTIES  OF  CVD  ZINC  SELENIDE 


Density  (gm/  cc)  

Refractive  index,  8-13  /urn  

Temperature  Coefficient 

dn/  dT  (r  C)  at  10.  6 iJ,m  ....... 

Transmission,  8-13  pm  

Transmission  limits 

10.6  micrometer  absorption  (cm“^) 

Pulse  damage  threshold  (W/  cm  ) . 

Grain  size  (microns)  

Hardness  (Knoop  SO  gm)  

Flexural  strength 

(psi,  4 point  loading)  

Young' s modulus  (psi)  ........... 

Thermal  expansion 

(/•  C.  range  RT-170*  C) 

Thermal  conductivity  (25®  C,  cgs) 

Specific  heat  (cal/ gm  ®C)  

Resistivity  (ohm-cm)  • « . . 


5.  27 

2.42  to  2.38 

6 X 10"® 

>70  percent 
0.  5 to  22  pm 
4 X 10"“^ 
>3X10® 

70 

100 

7500  + 1000 
9.75  X 10® 

7. 57  X 10"® 
0.  043 
0.  082 
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The  costs  of  CVD  zinc  selenide  are  primarily  governred  by  the  number 
of  usable  square  inches  yielded  per  run  and  the  cost  of  hydrogen  selenide  gas. 
During  the  course  of  this  program  a mandrel  geometry  was  designed  and  process 
conditions  were  optimized  to  maximize  the  number  of  window  blanks  yielded  per 
furnace  run.  In  addition*  a less  expensive  grade  of  hydrogen  selenide  gas  was 
evaluated,  and  proved  to  be  useful.  Both  of  these  facts  allow  the  material  to  be 
produced  at  a lower  coat. 

As  previously  noted,  zinc  selenide  does  not  perform  adequately 
in  a rain  environment.  After  10  minutes  at  speeds  of  470  miles/ hr  In  one  inch/ 
hr  simulated  rainfall,  for  example,  internal  fractures  cause  the  material  to 
become  almost  opaque.  To  improve  this  characteristic  without  significantly 
altering  its  optical  properties,  thin  ( < 0. 100  in. ) overcoat  layers  of  CVD 
zinc  sulfide  can  be  applied  to  one  surface.  This  material  can  be  attached  by 
one  of  two  techniques.  In  the  first  technique  one  can  adhesively  bond  or  use 
a glass  to  attach  the  material.  In  this  case  the  index  of  refraction  and  thick- 
ness uniformity  of  the  adhesive  or  glass  must  be  accurately  controlled. 

In  the  seconc  technique  zinc  sulfide  is  directly  grown  by  a chemical 
vapor  deposition  technique  onto  the  polished  surface  of  the  zinc  selenide.  This 
latter  technique  was  evaluated  in  this  program  and  proved  to  be  successful. 
Structurally  this  technique  is  successful  since  the  thermal  expansions  of  the 
two  materials  are  quite  similar.  Prom  an  optical  point  of  view  the  technique 
is  successful  because  of  the  closeness  of  the  index  of  refraction  of  the  two 
materials.  Using  values  of  2,40  and  2,  20  for  the  refractive  indices  of  zinc 
selenide  and  zinc  sulfide  respectively,  the  reflectivity  of  the  Interface  is 
calculated  as  lees  than  0,  2 percent  provided  there  is  intimate  contact  between 
the  materials.  Although  zinc  sulfide  has  a much  greater  absorption  coeffi- 
cient than  the  zinc  selenide,  a layer  of  zinc  sulfide  ~ 0,050  in.  thick  will 
reduce  the  tx-ansmittance  by  only  a small  fraction  of  a percent. 
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b.  Elemental  Procees 

The  most  direct  method  by  which  the  cost  of  zinc  selenide  can  be 
reduced  is  to  react  zinc  and  selenium  vapors  directly: 

Zn.(v)  + 1/ 2 Segiv)  ZnSe(s) 

As  in  the  standard  chemical  vapor  deposition  process  zinc  vapor  is  generated 
by  heating  the  metal  under  a reduced  pressure  and  passing  it«  by  use  of  a 
carrier  gas,  into  the  reaction  chamber  of  the  furnace.  Selenium  vapor  is 
generated  in  a similar  manner  and  it  is  also  passed  into  the  reaction  zone 
by  a carrier  gas.  The  procees  is  cost  effective  since  it  does  not  entail  the 
use  of  the  relatively  expensive  reactant,  hydrogen  selenide  gas.  Under  the 
appropriate  processing  conditions  the  free  energy  change  for  this  reaction 
can  be  made  similar  to  that  of  the  more  conventional  CVD  process.  Details 
of  the  experimental  procedures  used  to  deposit  material  by  this  process  are 
discussed  in  another  section  of  this  report. 

c.  Physical  Vapor  Deposition 

Another  attractive  means  of  reducing  the  cost  of  zinc  selenide  Is 
by  use  of  a physical  vapor  deposition  process.  This  process  is  in  reality  a 
vaporization-condensation  process.  To  fabricate  zinc  selenide  as  an  optical 
component,  zinc  selenide  powder  is  heated  at  a reduced  pressure  to  its  evapora- 
tion temperature.  By  placing  the  mandrel  surface, on  which  deposition  occurs, 
in  a cooler  section  of  the  furnace  (usually  160®  to  250®  C)  the  vapors  are 
recondensed  and  the  material  is  deposited.  Physical  vapor  deposition  can 
be  carried  out  in  any  type  of  furnace  in  which  a temperature  gradient  can  be 
established.  In  this  program  a graphite  resistance  heated  vacuum  furnace 
capable  of  being  pumped  to  ~ 0,  2 torr  was  used.  A mandrel  assembly  con- 
sisting of  a crucible  containing  the  zinc  selenide  powder,  a graphite  pipe 
and  the  mandrel,  are  placed  in  the  furnace  so  that  a temperature  gradient 
is  established  between  the  source  material  and  the  final  mandrel  surface. 

The  process  can  be  carried  out  with  or  without  the  use  of  an  auxllliary  carrier 
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gas.  Typically,  the  deposition  temperature  Is  between  900*  and  1000“  C 
at  a system  pressure  between  0. 5 and  1.  0 torr.  The  experimental  work 
done  with  this  process  Is  discussed  In  a following  section  of  this  report. 


m.  EXPERIMENTAL 


a.  Introduction 


As  noted  in  the  previous  section,  three  processes  were  evaluated  in 
an  attempt  to  decrease  the  costs  of  zinc  selenide.  In  addition,  CVD  zinc 
sulfide  was  grown  on  these  substrates  to  improve  their  resistance  to  rain  erosion. 
In  this  section  of  the  report  the  experimental  work  done  in  each  of  these  areas 
is  discussed, 

b.  Elemental  Process 

Under  a previous  program  (F33615-74-C-5145)  polycrystaline  zinc 
selenide  was  prepared  using  elemental  zinc  and  selenide  vapors  as  the  reac- 
tants, according  to  the  reaction: 

Zn(v)  +1/2  Segiv)  — *■  ZnSe(s) 

Using  the  appropriate  process  conditions,  the  free  energy  change  of  this 
reaction  (-23,  2 Kcal/ mole)  can  be  made  similar  to  the  standard  chemical 
vapor  deposition  process,  A typical  set  of  conditions  are:  deposition  tem- 
perature 7 50®  C,  system  pressure  40  torr,  and  reactant  concentrations  of 
2.  5 moles  of  each  reactant  per  hour.  Using  these  conditions,  specimens 
1 X 2 X 0, 1 inch  were  deposited  with  close  to  theoretical  transmittance  in 
the  far  infrared.  Scatter  at  visible  wavelengths,  however,  was  a problem. 

The  goals  of  this  task  of  the  program  therefore  were  to  reduce  this  scatter, 
(ieposit  larger  size  samples,  and  determine  whether  the  process  could  be 
scaled  to  produce  large -size  window  blanks  economically. 

The  equipment  needed  to  carry  out  the  experimental  work  on  this 
process  is  shown  in  Figures  1 and  2 respectively.  The  flow  panel  for  the 
system  is  pictured  on  the  left.  Flowmeters  are  used  to  control  the  carrier 
gas  flow  over  the  liquid  zinc  and  selenium  metal  retorts.  Pressure  gauges 
for  the  system  are  also  located  on  this  flow  panel.  The  furnace  and  reaction 
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Figure  2.  Schematic  of  CVD  System  for  Elemental  Zinc  Selenide 


chamber  are  pictured  on  the  righthand  side  of  Figure  1,  The  reaction 
chamber  consists  of  two  graphite  retorts,  a mixing  chamber,  and  a mandrel, 
A schematic  of  the  setup  is  shown  in  Figure  3.  Each  retort  contains  a graphit 
float  system  which  is  used  to  monitor  the  selenium  and  zinc  usage  during  a 
deposition  run.  The  excess  reactive  gases  leave  the  top  of  the  reaction 
chamber  and  pass  through  a dust  filter,  throttling  valve,  and  a vacuum  pump. 
The  exhaust  from  the  pump  is  then  passed  through  KOH  bubblers  to  neutralize 
any  harmful  vapors. 

The  reaction  chamber  is  heated  by  a vertical  Lindberg  6 -zone  furnace 
which  is  7 Inches  in  diameter.  Each  6 -Inch  zone  has  an  individual  controller 
so  that  temperature  gradients  along  each  zone  can  be  controlled  to  within 
+ 0.  6*  C.  The  furnace  and  reaction  chamber  are  housed  in  a walk-in  hood 
for  safety  purposes. 

During  this  task  of  the  program  twenty-five  (25)  experimental  runs 
were  made.  The  starting  reactants  for  all  runs  were  zinc  and  stleniurn, 
and  the  deposition  conditions  used  are  listed  in  Table  2. 

The  first  four  runs  were  made  to  check  out  the  above  described 
system  (Figure  3),  The  first  run  in  which  close-to-theoretlcally  dense  ma- 
terial was  deposited  was  ZnSe-EE-4,  The  thickness  profile  of  this  x-un  was 
not  as  uniform  as  desired  because  of  growths  around  the  selenium  inlet  nozzle 
Nodular  growth  was  observed  in  the  areas  o'"  the  plates  opposite  these  Inlet 
growths.  There  was  also  a fair  amount  of  visible  scatter  present  in  these 
two  areas  of  the  plates  as  proper  mixing  of  the  reactants  did  not  take  place. 
The  material  deposited  in  other  areas  of  the  plates  is  equivalent  in  (iixalUy 
some  of  the  best  elemental  material  madeunderthe  previous  contract  (Fl'ini  ' 
74 -C- 51 45).  A transmittance  curve  of  a polished  specimen  from  this  run  is 
shown  in  Figure  4. 

In  the  next  set  of  runs  (ZnSe-EE-5  through  -7)  attempts  were  made 
to  improve  the  thickness  distribution  of  the  deposit  by  minimizing  the  amounr 
of  growth  around  the  inlet  ports  of  the  reactants.  This  was  done  by  changing 
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DEPOSITION  CONDITIONS  FOR  ELEMENTAL  ZINC  SELENIDE 
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Zn  Wire  Feeder  Used 


Table  2 (Cont'd) 
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Lindberg 

furnce 
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Exhaust  end  plate 

Exhaust  chamber 
Mandrel 

Mixing  manifold 

Quartz  tube 

Zn  float 
Zn  retort 
T/C  tube 

Zn  inlet  tube 
Se  float 
Se  retort 

Se  inlet  tube 
Inlet  end  plate 


Se  LVDT  Zn  LVDT 


iRuro  3,  Internal  Schematic  of  CVD  System  for  Fabricating  Elemental  ZnSe 
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the  carrier  gas  ilow  rates  and  altering  the  geometry  of  the  inlet  ports,  'fhe 
best  thickness  profile  achieved  is  shown  in  Figure  5„  and  a typical  transmit - 
taiiLC  curve  is  shown  in  Figure  6.  Although  this  curve  appears  equivalent  to 
standard  CVD  material  beyond  2.5  micrometers,  at  visible  wavelengths  it 
exhibits  a greater  amount  of  scatter. 

In  an  attempt  to  obtain  better  control  of  the  molar  ratio  of  the  input' 
reactants,  as  well  as  to  deposit  larger  size  samples,  the  experimental  deposits 
after  run  ZnSe-FF~7  were  moved  to  a seventeen-inch  diameter  furnace.  In 
this  furnace  a zinc  feeder  system,  developed  under  F33615-74-C-505B,  was 
used  to  generate  the  zinc  vapor.  To  attain  better  control  of  the  selenium  usage 
rate,  the  retort  containing  the  selenium  was  mounted  external  to  the  furnace. 
This  setup  is  shown  schematically  lu  Figure  7. 

Using  this  system  seventeen  (17)  runs  (ZnSe-EE-8  through  -24)  were 
made.  The  first  successful  run  was  ZnSe-EE-9,  The  deposition  temperature 
was  7 2v5®  C,  and  the  Se(v)/  Zn(v)  molar  ratio  was  1,  25,  Even  though  the  depo- 
sition profile  was  (|uitc  top-heavy  (Figure  8)  a polished  specimen  of  the  ma- 
terial indicated  that  it  was  the  best  elemental  material  made  to  date  on  the 
program.  The  infrared  trunsmittance  of  the  material  is  shown  in  Figure  !). 

'I'he  apparent  (surface  and  bulk)  absorption  coefficient  of  0.  120  incli  thick 
specimen  was  measured  to  be  0.  0023  cm 


In  runs  /iKSe-lilE -10  through  -14  various  techniques  were  investigated 
in  an  attempt  to  improve  the  thickness  distribution  of  the  material.  For 
example,  in  luin  ZiiSe-Fl'i-lO  an  argon  byflow  was  used  around  the  selenium 
inlet  port.  The  pur|)ose  of  the  bytlow  was  to  prevent  growtli  of  material  around 
the  selenium  inlet  port:  Clrowths  can  misdirect  the  gas  flow  pattern  and  cause 
localized  lurbuloncc  whlcli  in  turn  results  in  an  incorrect  molar  ratio  in 
certain  areas  of  tlic  mandreh  The  deposition  profile  of  this  run  was  fairly 
uniform,  but  the  optical  quality  of  the  ZnSe  was  not  as  good  as  in  previous 
runs  since  tlic  Zn(\  ) molar  ratio  was  0.90,  It  appears  that  a selenium- 

rich  atmosiiluM'c  iH  ticcessary  in  order  to  deposit  elemental  ZnSe  with  tnlnlmal 
visil)lc  scatter,  in  tiiis  run  tlic  surfaces  of  the  deposit  also  exhibited  excessive 
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Figure  7.  Schematic  of  CVD  Zinc  Selenide  Apparatus 
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Deposition  Profile  in  Inches,  ZnSe-EE-9  ! 
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nodular  growth.  In  run  ZnSe-EE-11  the  selenium  inlet  port  size  was  reduced 
from  a diameter  of  0,  625  in.  to  0. 125  in.  in  an  attempt  to  obtain  a better  depo- 
sition profile.  As  a result  of  growth  around  the  selenium  inlet  port,  however, 
poor  material  with  an  uneven  deposition  profile  resulted.  The  material  de- 
posited on  the  selenium-rich  side  of  a ridge  formed  on  the  plates  contained 
fewer  visible  scatter  sites  than  the  material  deposited  on  the  zinc-rich  side 
of  the  plate. 

Prom  the  results  of  the  two  previous  runs  it  became  evident  that 
the  size  of  the  inlet  port,  the  gas  flow  through  the  port,  as  well  as  the  amount 
of  byflow  used  around  the  port,  were  all  interrelated  and  governed  whether 
growths  would  occur  around  the  inlet  port.  In  run  ZnSe-EE-12  an  argon  byflow 
was  used  around  a 0.  250  in.  selenium  inlet.  The  byflow  concept  worked 
well  in  that  the  selenium  inlet  port  was  not  obstructed  by  ZnSe  growths. 
However,  the  thickness  profile  was  quite  uneven;  material  was  deposited  in 
the  top  section  of  the  mandrel  only*  v jual  examination  of  the  material  indi- 
cated that  it  was  of  good  quality.  A transmittance  curve  for  this  material 
from  the  visible  to  the  far  infrared  is  shown  in  Figure  10, 

In  run  ZnSe-EE-14  the  diameter  of  the  selenium  inlet  port  was  3/  16  in, , 
and  the  argon  flow  over  the  selenium  was  increased  from  3 to  4 1pm  (Table  2), 
This  change  caused  the  selenium  vapor  core  to  spread  more  rapidly  and  re- 
sulted in  deposition  at  a lower  point  in  the  mandrel. 

In  runs  ZnSe-EE-15  through  -17  the  Inlet  size  of  the  selenium  port 
was  progressively  decreased  and  the  amount  of  carrier  gas  used  with  selenium 
vapor  was  increased  in  an  attempt  to  improve  the  thickness  profile.  For  ZnSe- 
EE-15  where  the  size  was  0. 187  in,  the  deposition  profile  was  still  uneven. 

In  some  areas  of  the  mandrel  the  material  was  free  of  visible  scatter  sites, 
while  in  other  areas  the  material  contained  scatter  sites,  A core  of  selenium 
and  argon  gas  had  evidently  passed  through  the  mandrel  and  hit  the  exhaust 
plate  above  the  deposition  area.  Any  deposition  which  took  place  in  the  mandrel 
was  apparently  due  to  a back-diffusion  of  the  reactants. 
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In  run  ZnSe-EE-16  the  selenium  inlet  port  size  was  reduced  to 
0.  086  inch  in  an  attempt  to  destroy  the  core  of  selenium  vapor#  Wliile  this 
change  improved  the  deposition  profile#  it  was  still  top-heavy.  Adequate 
mixing  of  the  vapors  was  still  a problem.  Areas  of  the  deposit  receiving 
enough  selenium  were  of  good  optical  quality,  while  areas  that  were  apparently 
selenium-poor  exhibited  visible  scatter. 

Conditions  for  run  ZnSe-EE-17  were  similar  to  those  for  the  previous 
tun  with  one  exception  — the  amount  of  argon  flowing  over  the  selenium 
retort  was  increased  to  further  promote  mixing  of  the  reactants.  The  ma- 
teplal  deposited  in  the  mandrel  was  of  poor  optical  quality  indicating  that  the 
Se/  Zn  molar  ratio  was  < 1.  0.  All  of  the  material  deposited  in  the  exhaust 
zone  of  the  setup,  however,  was  of  excellent  optical  quality. 

Run  ZnSe-EE-18  was  made  to  determine  if  the  thickness  profile  could 
be  improved  by  depositing  material  at  a higher  system  pressure.  The  furnace 
pressure  was  held  at  10  tori'  and  the  molar  ratio  of  the  reactants  (Se(v)/  Zn(v)) 
was  maintainea  at  1.  64.  Gas  phase  nucleation  took  place  under  these  condi- 
tions and  only  zinc  selenide  powder  was  produced.  To  produce  zinc  selenide 
by  the  elemental  process  it  appears  that  the  deposition  pressure  must  be  less 
than  5 torn;  preferably  around  2.  5 torr. 

Even  though  the  thickness  profile  of  the  deposits  were  troublesome, 
of  greater  concern  was  i.he  optical  quality  of  the  material.  It  became  evident 
that  unless  adequate  mixing  of  the  reactants  could  be  achieved  before  deposi- 
tion occurred  tiiat  the  material  would  have  scatter  sites.  In  an  attempt  to 
Improve  the  mixing  of  the  reactants  the  nozzle  tube  shown  schematically  in 
Figure  11  was  designed  and  built.  This  nozzle  was  first  used  successfully  in 
ZnSe-EE-lf3.  The  deposition  profile  was  quite  uniform  and  3 X 12  X 0.  2 inch 
plates  were  produced.  The  material  still  scattered  at  visible  wavelengths. 
Mlcrostructural  analysis  of  this  material  indicated  that  the  majority  of  the 
scatter  alt»!H  oci'urrod  along  the  grain  boundaries  of  the  columnar  grains. 

In  I'uns  ZnSe-EE-20  and  EE-21  the  reactant  concentrations  were 
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Figure  11.  Details  of  Se  Xozzle  in  Assemble 


increased  in  an  attempt  to  minimize  columnar  growth.  The  former  run  was 
aborted  after  two  hours  due  to  a malfunction  of  the  zinc  feeder  system.  The 
latter  run  went  for  the  scheduled  time  of  24  hours.  Columnar  grain  growth 
and  scatter  was  again  prevalent. 


r' 

tow' 

t ■ ' 


It  was  felt  that  if  the  deposition  temperature  were  increased  the 
individual  grains  would  become  larger,  the  total  grain  boundary 
area  would  decrease,  and  visible  scatter  in  the  material  would  be  mini- 
mized. In  runs  ZnSe-EE-22  through  -24  the  deposition  temperature  was 
increased  from  730“  C to  746*  C,  and  subsequently  to  800“  C (Table  2).  The 
material  produced  in  the  above  three  runs  did  not  show  an  appreciable  de- 
crease in  visible  scatter  sites  even  though  the  grain  size  of  the  material  was 
significantly  larger. 

One  final  run,  ZnSe-EE-25  was  carried  out  in  the  vertical  6 -zone 
Lindberg  furnace  in  order  to  determine  if  at  a high  deposition  temperature 
(820“  C)  and  low  furnace  pressure  (1,  5 torr)  visible  scatter  could  be  decreased. 
Even  though  the  material  produced  from  this  run  was  thin  (~40  mils),  it  did  not 
appear  to  scatter  as  much  as  previous  elemental  material  when  examined  visually. 
Under  polarized  light,  scattering  at  grain  boundaries  was  also  minimal.  It 
appears  that  the  higher  temperature  and  lower  pressure  resulted  in  elemental 
zinc  selenide  of  better  optical  quality  than  that  produced  under  other  process 
conditions.  The  strength  of  this  material  was  determined  to  be  quite  low, however, 
and  it  was  anticipated  that  problems  would  occur  wh  en  we  attempted  to  overcoat 
it  with  zinc  sulfide.  In  addition,  the  process  conditions  for  its  fabrication 
were  so  stringent  that  it  did  not  appear  that  the  process  could  be  easily  scaled 
to  produce  large-size  hardware. 

The  properties  of  elemental  zinc  selenide  deposited  at  750*  C are 
summarized  in  Table  3 and  are  compared  to  the  standard  material  deposited 
by  the  CVD  process.  As  noted,  in  most  cases  they  are  quite  slmdlar.  The 
absorption  coefficient  given  for  the  elemental  material  may  be  somewhat  higher 
than  llie  true  value  since  It  was  measured  on  a thin  sample  (0. 120  in.  ) and  has 
not  been  corrected  for  surface  absorptions.  As  previously  noted,  significant 
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TABLE  3 


PROPERTIES  OF  ZINC  SELENIDE  DEPOSITED  AT  750°  C 


Elemental 

C V D 

Density  (gm/  cc) 

6.  27 

5.27 

Grain  Size  (ium) 

70-100 

70 

Flexural  strength 
(psi)  3 -point  loading 

7630  + 1500 

8600  + 1300 

Young' s naodulus  (psi) 

9.76  X 10® 

Hardness  (Knoop,  50  gm) 

110 

100 

Thermal  expansion  ( / ° C) 
(range,  20-170°  C) 

7.65  X 10"® 

7.57  X 10“® 

Transmission  limits  (jum) 

0.5-22 

0.5-22 

Uncoated  transmission 
(3-14  nm) 

> 70% 

> 70% 

Bulk  absorption  coefficient 
(cm“M 

2 X 10"® 

4 X 10"^ 

differences  were  found  in  the  grain  structure  of  the  two  materials.  Figure  12 
shows  the  micro  structure  of  a polished  elemental  sample  which  has  been 
etched  with  a 0.  5%  Br  in  methanol  solution.  In  the  growth  direction  the 
grains  are  columnar  in  structure  and  propagate  throughout  the  thickness  of 
the  sample.  This  columnar  structure  is  not  evident  in  the  standard  CVD 
material  as  shown  in  the  microstructure  of  Figure  13.  This  difference  in 
microstructure  is  probably  the  result  of  the  relatively  low  system  pressure 
and  reactant  concentrations  under  which  the  elemental  material  is  deposited. 
Under  these  conditions  new  nucleation  sites  arc  harder  to  form,  and  the  reacting 
species  apparently  prefer  to  deposit  on  previously  formed  sites.  Thus  a 
columnar  grain  can  propagate  through  the  thickness  of  the  deposit.  This  type 
of  structure  contributes  to  the  somewhat  lower  flexural  strength  of  the  ele- 
mental ZnSe  as  compared  to  the  regular  CVD  material  (Table  3). 

c.  Physical  Vapor  Deposition 

The  physical  vapor  deposition  (PVD)  method  of  fabricating  a ma- 
terial is,  as  noted  earlier,  a vaporization-condensation  process  that  occurs 
at  high  temperatures  and  relatively  low  pressures.  Based  on  experimental 
work  prior  to  beginning  this  task  of  the  program,  it  had  been  determined  that 
most  of  the  properties  of  the  material,  although  not  equivalent  to  CVD  ma- 
terial, were  adequate  for  FLIR  window  applications.  Figure  14  represents 
the  visible  transparency  achievable  with  this  material,  while  Figure  16  shows 
its  transmittance  beyond  2,5  micrometers.  The  goal  of  this  task  was  to 
determine  whether  the  visible  imaging  properties  could  be  Improved  and 
whether  the  process  could  be  scaled  to  fabricate  large -size  hardware 
economically. 


The  experimental  setup  used  in  this  process  is  schematically  shown 
in  Figure  16.  Zinc  selenlde  power  is  vaporized  in  a high  temperature  retort 
and  the  vaporized  molecules  are  transjxjrted  to  the  lower  temperature  mandrel. 
A porous  filter  is  used  to  eliminate  particulate  matter  that  is  sometimes 
generated  during  the  evaporation  process.  The  material  quality  is  apparently 
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Figure  12.  Mlcroitructure  of  Elemental  ZnSe* 

Edge  View,  Se/  Zn  Molar  ratio  - 1. 34 
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Figure  13,  Microstructure  of  CVD  ZnSe,  Edge  View, 
HnSe/  Zn  Molar  ratio  ■ 1. 25 
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I'iguru  1().  Schematic  of  Physical  Vapor  Deposition  Apparatus. 


determined  by  the  retort  temperature,  the  mandrel  temperature,  the  tem- 
perature distribution  on  the  mandrel,  and  the  system  pressure. 


During  this  phase  of  the  program,  seventeen  (17)  depositions 
were  made.  The  process  conditions  used  are  summarized  in  TnMe  4, 


The  first  deposit  made  under  this  program  was  run  PVD-119,  It 
was  made  primarily  to  yield  substrate  material  for  the  zinc  sulfide  overcoat 
process  work.  The  run  was  successful  and  a 9-inch  diameter  b.v  5/  S inch 
thick  disc  was  deposited  and  cut  into  3 X 3 X 5/  8 inch  samples.  The  optical 
quality  of  the  material  was  considered  to  be  good  even  though  Im  liisions  on 
the  order  of  0.  5 mm  in  size  were  observed.  The  apparent  absorptinr)  coeffi- 
cient, as  measured  calorlmetrlcally  at  10,6  mlcrometets,  was 
0,05  cm"^  for  a 1.  27  cm  sample.  This  value  is  an  order  of  magnitude  greater 
than  material  produced  earlier,  but  it  is  felt  thal;  the  higher  value  was  pri- 
marily caused  by  the  Inclusions.  Figures  17  and  18  present  the  visible  and 
infrared  transmittance  of  a 1 cm  sample  taken  from  this  deposit.  Also  shown 
on  Figure  18  is  the  transmittance  of  standard  CVD  and,  as  noted,  the  PVI) 
material  transmits  to  a lower  wavelength.  The  band  gap  of  the  PVI)  material 
appears  to  occtir  at  a slightly  higher  energy,  probably  because  the  material 
is  more  nearly  stoichiometric.  The  mlcrohardness  of  this  deposit  was  mea- 
sured with  a 50-gram  Knoop  Indenter.  The  measured  value  of  luO  compares 
favorably  with  chemical  vapor  deposited  material. 


A closer  examination  of  the  transmittance  curve  it:  Figure  18  shows 
the  presence  of  a broad  absorption  band  centered  around  3 micrometers,  d’liis 
band  had  been  observed  in  previous  deposits  and  is  apparently  associated  with 
oxide  impurities  that  are  introduced  into  the  deposit  by  use  of  the  porttus  silica 
filters  that  are  used  to  eliminate  particulate  matter  from  the  deposit,  Hun 
PVD-40  was  made  with  an  alumina  filter  in  order  to  determine  if  llie  absorp- 
tion could  be  minimized.  As  evidenced  by  the  infrared  transmittance  of  this 
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Infrared  Transmittance  of  Run  PVD-40,  0.  49  cm  thick. 


deposit  (Figure  19)  the  absorption  increased  in  magnitude*  The  material 
also  showed  some  scatter  as  indicated  from  the  visible  transmittance  shown 
in  Figure  20. 

In  run  PVD-41  a fritted  quartz  filter  was  again  used.  Although  heat 
sensor  problems  limited  the  amount  of  information  obtained  from  this  deposit 
with  respect  to  the  impurity  problem,  it  can  be  seen  from  the  infrared  trans- 
mittance curve  in  Figure  21  that  the  3 micrometer  absorption  band  is  still 
present  although  not  as  pronounced  as  in  the  previous  run.  Since  visually 
the  optical  quality  of  this  material  appeared  to  be  quite  good  its  imaging 
characteristics  in  the  8 to  12  micrometer  range  were  determined.  The  tech- 
niques used  for  this  measurement  are  described  in  the  Appendix.  Table  5 
presents  the  results  of  these  measurements  and,  as  indicated,  there  is  an 
increase  in  the  image  width  (at  16%  intensity).  Even  though  the  magnitude  of 
the  increase  is  higher  than  desired  it  was  felt  that  the  material  could  be 
improved  and  it  was  decided  to  scale  the  process  to  fabricate  15 -inch  diameter 
samples. 

Run  PVD-42  was  the  first  attempt  at  a 15 -inch  diameter  deposit. 

The  deposit  was  intentionally  terminated  after  34  hours  of  deposition  to  deter- 
mine the  deposition  rate.  The  resultant  disc  was  of  good  optical  quality  with 
very  few  inclusions.  Comparison  with  other  PVD  runs  indicated  that  the  mate- 
rial was  equivalent  and  that  the  3 micrometer  absorption  band  is  somewhat 
reduced  in  magnitude.  It  is  possible  that  with  the  repeated  use  of  the  same 
silica  filter  that  its  impurity  content  is  progressively  reduced.  The  apparent 
absorption  coefficient  of  this  material  at  10,6  micrometers  was  determined 
to  be  0,  03  cm”^. 

Runs  PVD-43  through  -55  were  concerned  with  depositing  a 10  X 
10  X 3/4  in,  specimen  (to  be  cut  from  a 15  in,  diameter  disc).  In  run  PVD-44 
it  was  determined  from  three  thermocouples  located  at  0 and  + 3-1/  2 in, 
radially  from  the  center  of  the  15-inch  disc  that  the  temperature  distribution 
measured  would  result  in  high  residual  stresses.  Therefore  in  the  next  four 
runs  (PVD-45  through  -49)  additional  thermocouples  were  used  to  determine 
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Visible  Transmittance  of  Run  PVD-40,  1.  43  cm  thiclu 


the  mandrel  temperature  before  and  during  deposition.  Based  on  the  tem- 
perature gradients  observed  in  each  of  these  runs,  the  thermal  insulation 
around  the  mandrel  was  altered  to  reduce  the  radial  temperature  difference. 

In  run  PVD-49  the  temperature  difference  between  the  middle  and  edge  of  the 
mandrel  was  approximately  60“  C.  The  thickness  and  thickness  distribution 
of  this  run  was  excellent.  Because  of  the  high  retort  temperature  used, 
however,  an  abnormally  high  deposition  rate  was  attained  that  caused  the 
deposited  material  to  scatter  more  than  normal.  The  infrared  transmittances 
of  three  sections  of  this  deposit  are  presented  in  x^igures  22,  23,  and  24. 

Run  PVD-61  yielded  a 15-inch  diameter  X 0,75  Inch  thick  blank. 
Evaluation  of  the  blank,  liowever,  indicated  that  approximately  the  first  third 
of  the  deposit  was  rather  porous.  Porous  material  had  been  observed  pre- 
viously but  never  to  this  great  an  extent.  It  is  apparently  caused  by  non- 
equilibrium  conditions  that  exist  early  in  the  deposition  process.  The  infrared 
transmittance  of  this  deposit  with  the  porous  layer  removed  Is  presented  in 
Figure  25.  The  lower-than -normal  transmittance  Is  attributed  to  particulate 
matter  that  evidently  bypassed  the  filters. 

Run  PVD-52  was  deposited  in  order  to  determine  if  the  start-up 
procedures  caused  the  formation  of  the  porous  layer.  In  this  run  a slow 
evacuation  period  ( ~2  hrs)  was  used  prior  to  depositing  at  full  vacuum. 

The  resulting  material  showed  only  a 0,  010  to  0,  020  in.  porous  layer.  The 
infrared  transmittance  of  the  remaining  material  is  shown  in  Figure  26, 

Run  PVD-53  yielded  a 15 -inch  disc  in  excess  of  one  inch  in  thick- 
ness witii  an  excellent  thickness  distribution  (Figure  27),  The  thickness  and 
optical  clarity,  at  visible  wavelengths,  can  be  seen  in  the  edge  polished 
specimen  shown  In  Figure  28,  and  its  Infrared  transmittance  In  Figure  29. 

The  apparent  absorption  coefficient  at  10,6  mlcx’ometers  was  0,012  cm”^. 

Further  investigation  of  this  disc  under  transmitted  light,  re- 
vealed unfortunately  the  presence  of  major  cracks  that  were  not  discernible 
with  normal  lighting  (Figure  30),  The  cracks  observed  aie  teusllR  In  nature 
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Figure  28. 
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PVD-53  Edge  Polished  Specimen  Showing  Thickness 
and  Optical  Clarity  at  Visible  Wavelengths 


and  propagate  radially  In  from  the  outer  dlametert  They  do  not  propagate 
through  the  thickness,  hence  the  disc  remained  intact.  The  cracks  are 
apparently  caused  by  either  an  excessively  rapid  cooldown  from  deposition 
temperature  or  a radial  temperature  gradient  that  is  initially  set-up  during 
deposition.  The  latter  reason  is«  in  our  opinion,  the  most  probable  cause  of 
the  failure. 

As  previously  mentioned,  several  attempts  were  made  during  this 
series  of  runs  to  decrease  the  radial  temperature  gradients  on  the  IB -inch 
diameter  mandrel  by  the  use  of  carbon  felt  insulation.  The  diametrical  tem- 
perature differences  with  respect  to  the  center  of  this  deposit  were  + 50“  C, 

0“  C,  and  + 100*  C.  The  stresses  corresponding  to  these  temperature  varia- 
tions can  cause  failure. 

Since  the  use  of  Insulation  did  not  satisfactorily  solve  the  tempera- 
ture gradient  problem  it  was  decided  that  the  only  other  viable  method  available 
was  with  the  use  of  an  external  heating  source  at  the  center  of  the  mandrel. 

A flat  graphite  heater,  5 inches  in  diameter,  was  designed  and  fabricated  for 
this  purpose  and  used  in  runs  FVD-54  and  -55.  The  results  achieved  with 
this  heater,  however,  were  not  significantly  different  than  those  achieved 
without  the  heater.  Because  of  this  problem,  the  marginal  imaging 
quality  of  the  material,  as  well  as  the  problems  that  were  being  encountered 
with  this  material  in  the  zinc  sulfide  overcoat  experiments,  it  was  decided 
that  a modified  CVD  process  should  be  evaluated  before  the  final  choice  on  a 
fabrication  process  was  made. 

d.  Low-Cost  Chemical  Vapor  Deposition  for  Zinc  Selenide 

As  discussed  in  an  earlier  section,  the  major  drawbacks  to  the  use 
of  zinc  selenide  as  a FLIR  window  are  its  durability  in  a rain  environment  and 
its  cost.  Techniques  for  improving  durability  are  discussed  in  the  following 
section.  In  this  section  techniques  used  to  decrease  cost  are  discussed. 

The  two  major  factors  that  govern  the  cost  of  CVD  material  are 
the  yield  achieved  from  a furnace  run  and  the  cost  of  one  of  the  reactants, 
hydrogen  selenide  gas. 
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Yield  can  be  maximlz  d (and  thus  cost  reduced)  by  utilizing  as  much 
of  the  deposition  area  as  possible.  That  is,  by  using  a mandrel  size  that  is 
compatible  with  the  size  of  the  components  desired  and  attaining  a uniform  thick- 
ness distribution  over  that  area*  the  majority  of  the  deposit  can  be  utilized.  During 
this  task  of  the  program  a production  size  mandrel  was  designed  and  a thick- 
ness distribution  attained  in  a similar  size  mandrel  was  used  to  determine 
the  number  of  units  ( 13  X 19  X 0.  6 in. ) that  could  be  yielded  per  run.  It  was 
found  that  because  of  an  increase  in  yield  the  cost  of  an  unpolished  unit  in 
production  quantities  (100  to  200  units)  could  be  reduced  by  approximately 
37  percent  over  the  standard  costs  of  the  material. 

To  further  reduce  the  cost  of  zinc  selenlde  window  blanks  the  use 
of  lower  purity  HgSe  gas  was  evaluated.  The  purity  of  the  HgSe  gas  used  to 
deposit  laser  quality  material  is  normally  greater  than  99.  96  percent.  The 
major  impurities  that  are  removed  to  attain  this  purity  level  are  sulfur,  water 
vapor,  carbon  dioxide  and  oxygen,  A less  expensive  (~20%)  98  percent  pure 
gas  whose  major  impurity  is  sulfur  (as  HgS),  however,  was  available  and  was 
purchased  for  evaluation. 

A process  run  was  made  using  this  gas  and  it  was  found  to  be  equi- 
valent in  all  respects  to  laser  quality  material,  except  that  it  had  an  apparent 
absorption  coefficient  at  10.  6 pm  of  0.  006  cm"^.  The  magnitude  of  absorption, 
although  higher  than  laser  quality  material,  is  more  than  sufficient  for  PLIR 
window  applications.  Figure  31  shows  the  infrared  transmittance  of  this  ma- 
terial and,  as  noted,  there  are  no  obvious  extrinsic  absorptions  over  the  entire 
spectrum. 


Based  on  the  results  of  this  run  a production  run  was  made  in  the 
apparatus, shown  schematically  in  Figure  32,to  deposit  a large  zinc  selenlde 
plate.  The  material  from  this  run  was  uniform  in  both  thickness  arid  optical 
quality.  The  as -deposited  thickness  profile  of  this  blank  is  shown  in  Figure  33, 
and  the  spectral  transmittance  in  Figure  34,  The  apparent  absorption  coeffi- 
cient of  this  material  at  10,  6 micrometers  was  measured  to  be  0.  0015  cm”^. 
Laser  quality  material  has  an  absorption  coefficient  at  10.  6 micrometers  that 
lies  between  0.0004  and  0,0009  cm”^. 


51 


PBN-76-673 


I 

i 

i 

; Figure  32.  Schematic  of  Apparatus  Used  for  Depositinc 

i CVD  Zinc  Selenlde. 
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The  reeulte  of  this  run  allow  a further  reduction  {'>'12  percent)  in  the  cost  of 
zinc  eelenlde  for  multispectral  FLIR  windows.  It  Is  estimated  that  a 13  X 
16  X 0.  QO  Inch  blank  of  this  material  in  production  quantities  will  cost 
'>'$11,000.  This  cost  is  consistent  with  the  goals  established  for  this 
program. 


Following  the  evaluation  of  the  run  two  window  blanks  of  10  X 10 
and  a 13-'l/4  X 20  inch  size  were  cut  and  plate-glass  polished.  The  10  X 10 
inch  plate  was  submitted  to  the  Air  Force  Materials  Laboratory  for  further 
evaluation.  One  of  the  surfaces  of  the  13-1/  4 X 20  inch  blanks  was  optically 
polished  and  then  overcoated  with  a thin  layer  ('>'0.  050  in, ) of  CVD  zinc  sulfide. 
The  blank  was  then  polished  and  submitted  to  the  Air  Force  Materials  Labora- 
tory for  evaluation. 

e.  Composite  Window  Fabrication 

In  this  task  of  the  program  the  chemical  vapor  deposition  process 
for  coating  zinc  selenide  with  a thin  overcoat  layer  ( < 0. 1 in. ) of  zinc  sulfide 
was  developed.  Earlier  efforts  under  other  programs  had  established  the 
basic  feasibility  of  this  method  of  attachment.  The  purpose  of  the  thin  layer 
is  to  allow  the  use  of  zinc  selenide  in  a rain  environment.  The  use  of  CVD 
zinc  sulfide  for  protection  from  raindrop  impingement  is  based  on  test  results 
from  the  rotating  arm  apparatus  at  the  Air  Force  Materials  Laboratory.  As 
mentioned  in  an  earlier  section  of  the  report,  there  should  be  no  appreciable 
optical  degradation  caused  by  the  presence  of  this  layer  on  the  surface  of  zinc 
selenide. 


To  develop  a reliable  process  for  coating  zinc  selenide  with  zinc 
sulfide  fifteen  (16)  deposits  were  made  during  this  phase  of  the  program. 
Table  fl  presents  the  operating  conditions  used  for  these  deposits. 

The  first  three  zinc  sulfide  coating  deposits  were  made  to  deter- 
mine the  optimum  process  conditions.  These  deposits  were  made  on  graphite 
substrates.  The  remaining  deposits  were  made  on  zinc  selenide  substrates 
fabricated  by  the  CVD  and  PVD  processes. 
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Runs  ZnSC-1,  -2,  and  -3  were  deposited  at  various  temperatures, 
system  pressures,  and  hydrogen  sulflde-to-zlnc  molar  ratios.  Run  ZnSC-1 
was  deposited  at  660"  C and  molar  ratios  of  0.  6 and  1.  As  expected,  the 
Infrared  properties  of  the  hlgher-molar-ratlo  material  are  slightly  better 
than  the  lower-molar-ratlo  material,  although  the  visible  imaging  quality 
of  the  lower-molar-ratio  material  Is  considerably  better.  Figure  36  presents 
the  Infrared  transmittance  of  both  materials  from  this  deposit.  Note  the 
presence  of  the  8 -micrometer  absorption  band  that  Is  Indicative  of  a low 
temperature  deposit.  This  band  is  reduced  In  magnitude  when  deposition 
occurs  at  higher  temperatures. 

A higher  deposition  temperature  (726®  C)  was  used  for  run  ZnSC-2, 
The  run  was  divided  into  two  parts.  For  the  first  half  of  the  run  the  material 
was  deposited  at  16  torr,  while  for  the  second  half  of  the  run  the  material  was 
deposited  at  60  torr.  Both  materials  exhibit  good  infrared  transmissions 
as  can  be  seen  in  Figure  36,  Run  ZnSC-3  was  an  attempt  to  achieve  low-molar- 
ratlo  material  at  a high  pressure  and  low  temperature.  The  deposit  was  too 
thin  to  properly  analyze.  Based  on  the  results  of  these  three  runs  It  was 
decided  that  the  thin  overcoats  of  zinc  sulfide  should  be  made  with  conditions 
similar  to  ZnSC-2. 

The  substrate  used  for  coating  In  ZnSC-4  was  3 X 3 X 1/4  Inch 
sample  of  dVD  zinc  selenlde.  The  deposition  was  mt  de  at  725°  C for  10  hours 
at  a HgS/  Zn  molar  ratio  of  0.  4,  Some  difficulty  was  experienced  In  the 
operation  of  this  run  and  it  was  later  determined  that  It  was  due  to  growths 
around  the  HgS  gas  inlet  port.  Although  the  coating  showed  good  adherence 
to  the  substrate,  the  optical  quality  of  the  composite  was  poor,  The  composite 
zinc  sulfide/  zinc  selenlde  material  scattered  badly  as  indicated  by  the  Infrared 
transmittance  shown  in  Figure  37.  The  scatter  was  caused  by  improper  mixing 
of  the  reactants. 

Similar  operational  problems  occurred  during  run  ZnSC-5,  This 
deposit  was  completed  successfully  in  spite  of  the  pressurized  gas  Inlet  by 
operating  the  flowmeters  at  higher  than  atmospheric  pressure,  The 
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Infrared  Transmittance  of  Zinc  Sulfide  Coating  Run,  ZnSC-2;  0.  07  cm 
Substrate  and  0.  05  cm  Deposition  Thickness 


resulting  material  again  showed  good  adherence  and  less  scatter  as  indicated 
in  the  infrared  transmittance  shown  in  Figure  38.  The  magnitude  of  the 
transmittance  in  the  8 to  12  micrometer  range  was  also  better  than  had  been 
previously  achieved. 

Run  ZnSC-6  was  deposited  under  conditions  similar  to  ZnSC-5  after 
setup  adjustments  were  made  to  prevent  adverse  inlet  growth.  The  resulting 
material  showed  less  scatter  and  an  improved  infrared  transmittance  as 
indicated  by  the  curve  in  Figure  39. 

In  Run  ZnSC-7  a thin  zinc  sulfide  layer  was  deposited  on  a PVD  zinc 
selenide  substrate.  Although  the  adhesion  was  good,  the  optical  properties 
were  poor.  Optical  examination  of  the  zinc  sulfide/  zinc  selenide  interface 
revealed  the  presence  of  many  micro-fissures  in  the  PVD  material.  These 
micro -fissures  act  as  scattering  sites  as  evidenced  by  the  infrared  trans- 
mittance of  the  composite  shown  in  Figure  40.  The  transmittance  of  the  zinc 
sulfide  after  removal  from  the  substrate  is  shown  in  Figure  41  and,  as  ob- 
served, it  has  good  optical  properties. 

Run  ZnSC-9  was  deposited  with  two  PVD  zinc  selenide 
substrates  to  yield  sufficient  material  for  rain  erosion  samples.  However, 
both  substrates  apparently  crazed  (cracks  in  the  zinc  selenide  at  the  zinc 
sulfide -zinc  selenide  interface)  on  cooling  from  the  deposition  temperature. 

The  type  of  failure  observed  is  shown  in  Figure  42,  Since  these  cracks  are 
in  the  PVD  material  only,  and  do  not  propagate  to  the  free  surface  of  the 
substrate,  it  appears  that  they  are  caused  by  a thermal  expansion  mismatch 
between  the  zinc  sulfide  and  zinc  selenide.  Figure  43  shows  the  infrared 
transmittance  of  this  deposit. 

To  determine  if  the  observed  crazing  was  due  to  thermal  expansion 
mismatch  the  expansion  of  CVD  zinc  sulfide,  CVD  zinc  selenide,  and  PVD 
zinc  selenide  were  determined.  The  results  which  are  presented  in  Table  7 
indicate  that  CVD  zinc  sulfide  and  CVD  zinc  selenide  are  compatible.  However, 
the  CVD  zinc  sulfide  and  PVD  zinc  selenide  exhibit  an  expansion  mismatch 


Infrared  Transmittance  of  Zinc  Sulfide  Coating  Run,  ZnSC-6;  0.  1 cm  Thick 
ZnS  Deposited  on  0.  65  cm  Thick  CVD  ZnSe. 
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Infrared  Transmittance 
ZnS  Deposited  on  0.  64  < 


TABLE  7 


Material 

CVD  ZnSe 
PVD  ZnSe 
PVD  ZnSe 
CVD  ZnS 


THERMAL  EXPANSION  OF  PVD  AND  CVD 
ZINC  SELENIDE  AND  CVD  ZINC  SULFIDE 


Thermal  Exp  CoefL 
Ran  No.  (X10-6/°  C) 


ZnSe -96  7.61 

PVD-39  8.08 

PVD-40  8.05 

ZnSC-10  7,60 
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of  approximately  0.  6 mlcroin^jhes  per  " C.  This  thermal  expansion  mismatch 
will  cause  failure  in  tension  in  the  PVD  substrate  if  stress  concentration 
factors  of  three  are  assumed.  The  stress  In  the  PVD  material  is  thickness- 
dependent  as  shown  in  the  equation: 


o 


+ 3/3  + 4/3 

/3  4 + 4/3  + 6/3  ‘^  + 4fi  + 1 


i»  PVD  ■■  ZnS^ 


where 


o = Stress  (psi) 

o _ Thickness  of  ZnS 

P TOcHHTorTVb 

a ® Thermal  expansion  coef.  (X10'*'/°C) 

E ® Modulus  of  elasticity  (10*^  psi) 

AT  = Temperature  change  (*  C) 


Assumes  equal  stiffness  material 


Using  an  allowable  stiess  of  approximately  1500  psi,  It  can  be  seen 
from  this  equation  that  thickness  ratios  of  0, 1 or  greater  will  fall  the  PVD 
material,  whereas  thickness  ratios  of  less  than  0.  1 may  survive.  This 
accounts  for  the  frequent  but  not  total  failures  observed  in  the  PVD  substrates 
after  coating.  It  is  also  obvious  from  this  equation  that  lower  deposition 
temperatures  linearly  reduce  the  residual  stress. 

In  run  ZnSC-10  both  CVD  and  I'VD  zinc  selenide  substrates  were 
coated  at  a lower  temperature  (700°  C)  to  reduce  the  aforementioned  thermal 
stress.  Crazing  occurred  in  the  PVD  sulistrate  material,  while  the  C.Vl) 
substrate  remained  Intact,  The  infrared  transmil tances  of  both  coated 
substrates  are  shown  in  figures  44  and  45. 

Hun  ZnSC-11  was  made  on  CVD  material  to  yield  sufficient 
material  for  ralti  erosion  specirnctis.  'I’he  deposit  was  successful  and  rain 
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erosion  speolmens  from  this  and  an  earlier  deposit  (ZnSC>6)  were  fabricated 
and  submitted  to  the  Air  Force  Materials  Laboratory  for  evaluationt  Typical 
infrared  transmlttances  for  these  specimens  are  shown  in  Figures  46  through 
49.  The  material  from  ZnSC~6  was  chosen  to  evaluate  the  effect  of  coating 
thickness  on  rain  erosion  behavior  with  no  concern  for  optical  quality>  It 
should  be  noted  that  the  transmittance  in  the  8-12  pm  range  for  the  composite 
fabricated  in  run  ZnSC>ll  is  similar  to  pure  zinc  selenide,  indicating  .that  the 
thin  overcoat  does  not  alter  transmittance  to  any  appreciable  degree 

Run  ZnSC-12  was  deposited  on  CVD  material.  The  infrared  trans- 
mittance of  the  composite  and  the  zinc  sulfide  is  presented  in  Figures  60  and 
51.  The  composite  was  of  good  optical  quality,  and  a 2 X 2 in.  evaluation 
specimen  was  prepared  and  forwarded  to  the  Air  Force  Materials  Laboratory 
for  further  evaluation. 

One  additional  attempt  was  made  to  fabricate  rain  erosion  samples 
using  a PVD  zinc  selenide  substrate.  In  this  run  (ZnSC-13)  a 600*  C depo- 
sition temperature  for  the  zinc  sulfide  was  used.  Since  the  deposition  tem- 
perature was  600“  C a lower  system  pressure  and  higher  molar  ratio  of  Input 
reactant  was  needed  to  Insure  that  a sufficient  supply  of  zinc  vapor  was 
available.  In  spite  of  these  measures,  zinc  liquid  condensed  in  the  zinc 
sulfide  deposit  and  the  optical  quality  of  the  deposit  was  poor.  However,  no 
cracking  occurred  in  the  PVD  substrate  and  the  interface  showed  no  signs 
of  crazing.  F'igure  52  shows  the  transmittance  of  this  composite  sample. 

Runs  ZnSC-14  and  -15  Wfic  m..de  to  supply  additional  rain  erosion 
specimens.  Sixteen  (16)  sample.s  were  fabricated  from  these  runs.  The  zinc 
sulfide  coating  thickness  in  the  finished  samples  was  varied  from  0.  020  in. 
to  0. 130  in. 

Run  ZnSC-18  was  made  to  deposit  a thin  ( "-0,  050  in, ) overcoat 
of  zinc  sulfide  on  the  large  optically  polished  zinc  selenide  plate  (13-1/4  X 
20  X 0.  590  in. ),  The  deposit  was  carried  out  at  690*  C;  unfortunately  the  coating 
layer  did  not  adhere  uniformly  to  the  substrate  and  cracking  of  the  plate  occurrei. 


Transmittance  of  Zinc  Sulfide  Coating  Run  ZnSC-11  (Sample  C);  0,25  cm  ZnS 
cm  CVD  ZnSe  Thickness. 


Figure  51,  Infrared  Transmittance  of  0.  4 cm  Thick  Zinc  Sulfide  Layer  Deposited  During  Run  ZnSC-12, 


•1.  *t  ' 


The  transmittance  of  a witness  sample  obtained  from  this  run  is  shown  in 
Figure  53,  and  as  Indicated,  in  the  8 to  12  micrometer  region,  the  trans- 
mittance is  within  2 percent  of  that  predicted  from  theory.  At 
other  wavelengths,  and  particularly  in  the  visible  range,  the  transmittance 
is  lower  than  anticipated  because  of  scatter  from  the  Interface.  The  absorp- 
tivity of  this  composite  that  consists  of  0.  089  cm  of  ZnS  and  1.  22  cm  of  ZnSe 
was  determined  to  be  ~3  percent  at  9.27  micrometers.  This  value  is  higher 
than  anticipated  (by  ~ ? percent)  and  is  probably  due  to  the  presence  of  im- 
purities at  the  interface. 

f.  Rain  Erosion  Testing 

To  evaluate  the  resistance  to  rain  erosion  of  the  composite  ZnS/ 

ZnSe  materials  produced  during  this  program  over  fifty  samples  were  fabri- 
cated and  sent  to  the  Air  Force  Materials  Laboratory  for  testing  in  their  rotating 
arm  apparatus.  All  the  samples  were  1,  5 X 0,  5 X 0.  2 in.  in  size.  The  thick- 
ness of  the  CVD  ZnS  layer  deposited  on  the  ZnSe  substrates  varied  from 
"*>0,  100  in.  to  '^0.  020  in.  The  majority  of  the  samples  submitted  had  only 
the  large  faces  (0.5  X 1,  5)  polished,  although  late  in  the  program  a series  of 
samples  were  submitted  in  which  all  six  surfaces  were  optically  polished. 

Testing  was  performed  at  two  speeds,  470  and  575  mph,  in  a one-inch 
per  hr  simulated  rainfall  where  the  average  drop  size  is  1.  8 mm.  The  flat 
face  of  the  specimens  were  at  an  impingement  angle  of  78  degrees  to  the  rain 
drops.  Exposure  times  were  20  minutes  at  470  mph  and  1 minute  at  575  mph. 

In  general,  most  of  the  samples  tested  survived  without  fracturing 
completely.  In  all  cases  ring -type  failures  were  observed  in  the  zinc  sulfide 
overcoat  layers.  When  the  overcoat  layer  thickness  was  greater  than  ~0.  050 
in.  the  amount  of  damage  was  similar  to  that  observed  for  monolithic  zinc 
sulfide.  The  lose  in  transmittance  at  2.  5 and  5.  3 pm  was  usually  between  3 and 
5 percent  while  at  10  pm  it  was  less  than  3 percent. 
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It  can  tentatively  be  concluded  from  these  tests  that  approximately 
0*  050  in.  of  zinc  sulfide  is  needed  to  protect  the  zinc  selenide.  At  this 
thickness  the  amount  of  damage  observed  in  the  zinc  sulfide  layer  is  similar 
to  that  observed  in  monolithic  samples  of  this  material. 
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IV.  SUMMARY  AND  CONCLUSIONS 


This  program  has  established  the  feasibility  of  fabricating  large 
size  (13  X 20  in. ) durable  multlspectral  windows  by  a chemical  vapor  deposition 
process  at  a cost  consistent  with  the  program  goals.  The  window  is  a compo- 
site that  consists  of  two  layers;  a relatively  thick  ( 0.  600  in. ) zinc  selenide 
substrate  and  a thin  (0.  050  in.)  zinc  sulfide  overcoat.  The  zinc  selenide  is 
thick  enough  to  resist  both  mechanical  fracture  and  deflection  under 
the  expected  aerodynamic  and  mechanical  loads.  This  material,  after  optical 
polishing  of  one  surface,  is  covered  with  a thin  layer  of  zinc  sulfide  to  provide 
j:)rotection  from  rain  erosion  and  dust  abrasion.  The  zinc  sulfide  grown  onto 
the  selenide  surface  by  chemical  vapor  deposition.  The  composite  structure  can 
then  be  optically  polished  to  its  final  specifications.  This  technique  eliminates 
the  use  of  anti  reflection  coatings  at  the  interface  and  the  need  to  figure  the 
final  surfaces  because  of  optical  path  differences  due  to  a nonuniform  thickness 
of  the  Interface  adhesive.  Even  though  we  were  not  successful  in  coating  a full 
size  window,  several  samples  of  3 X 6 in.  size  were  succesfully  overcoated  and 
optically  polished.  The  transmittance  of  the  samples  indicated  that  the  ZnS 
overcoat  layer  does  not  significantly  alter  the  transmittance  of  the  ZnBe 
substrate. 

To  achieve  the  results  summarized  above  and  to  reduce  the  cost 
of  zinc  selenide  to  an  acceptable  level,  three  vapor  deposition  processes 
were  evaluated.  The  first  two  of  these  processes,  an  elemental  process  that 
uses  only  zinc  and  selenium  vapors,  and  the  physical  vapor  deposition  process 
produced  material  that  was  satisfactory  for  use  in  the  8 to  12  micrometer 
range.  However,  it  was  not  satisfactory  for  use  at  visible  wavelengths  and 
at  1.  06  micrometers  because  of  scatter.  Furthermore,  difficulties  were 
encountered  in  fabricating  large -size  samples  with  both  processes  and  it  was 
not  possible  to  successfully  overcoat  the  material  produced  by  the  PVD  process 
with  zinc  sulfide  because  of  a thermal  expansion  mismatch. 


The  cost  to  produce  excellent  optical  quality  zinc  selenide  window 
blanks  by  a modified  chemical  vapor  deposition  process*  the  third  process 
evaluated*  was  lowered  by  Improving  yield  and  using  less  expensive  reactants. 
In  addition*  chemical  vapor  deposition  techniques  were  developed  for  growing 
a thin  layer  of  zinc  sulfide  directly  onto  a polished  zinc  selenide  substrate. 
Using  these  techniques  it  is  estimated  that  In  production  window  blanks  can 
be  procured  for  approximately  $11*000  each.  These  costs  are  consistent 
with  the  goals  established  for  this  program. 
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APPENDIX 


IMAGE  SPOILING  MEASUREMENTS 

1.  INTRODUCTION 

If  a sample  of  transparent  material  is  used  as  an  element  in  an 
imaging  system,  one  is  obviously  concerned  with  such  properties  as  the 
transmittance,  the  surface  figure  and  polish,  etc.  Even  if  these  commonly 
measured  properties  are  satisfactory,  however,  the  material  may  cause 
an  unacceptable  degradation  of  the  image  quality  by  causing  random  angiilar 
deviations  of  the  radiation  passing  through.  Such  deviations  may  result  from 
bubbles  or  inclusions,  crystal  Interfaces,  inhomogeneity  of  refractive  index. 


Thus,  for  example,  one  may  design  a system  to  image  a point  at 
infinity,  1.  e. , to  focus  a parallel  beam  of  light  to  a point.  If  the  parallel 
beam  first  passes  through  a plane  parallel  plate  of  material  which  introduces 
a small  angular  spreading  of  the  light,  the  image  will  be  enlarged  to  some 
extent.  The  properties  whereby  the  material  introduces  the  angular  deviations 
may  be  called  image  spoiling  properties,  and  the  extent  to  which  the  image  is 
enlarged  may  be  used  as  a measure  of  the  image  spoiling  properties.  ^ 

We  have  developed  an  image  spoiling  test  apparatus  for  the  imme- 
diate purpose  of  evaluating  the  usefulness  of  varying  qualities  of  CVD  mate- 
rials produced  for  8 to  12  ym  range  FLIR  systems.  This  test  equipment 
is  also  available  to  conduct  quality  control  tests  on  the  window  blanks  that 
are  fabricated  in  exploratory  or  production  phases  of  other  programs.  By 
suitable  change  in  the  detector  and  filters  the  measurements  could  be  carried 
out  at  wavelengths  other  than  8-12  ym. 


2.  APPARATUS 


Our  image  spoiling  measurement  apparatus  (Figure  1)  utilizes  the 
radiation  from  a black  body  source  (Barnes  Engineering  Co.  ) operating  at 


875  K.  A blocking  filter  (Grubb -Parsons  & Co.)  is  used  to  cut  off  the  radia- 
tion below  8 Mm  (see  Figure  2),  The  radiation  is  passed  through  an  adjustable 
slit,  typically  set  at  30  Mm,  which  serves  as  an  object  for  an  off-axis  para- 
boloidal mirror  (Space  Optics  Research  Labs)  of  8 inch  diameter  and  64  Inch 
focal  length,  which  renders  the  radiation  parallel.  A second  off-axis  para- 
boloid is  used  to  refocus  the  collimated  beam  to  an  image  of  the  slit.  By 
means  of  a scanning  mirror  system  (General  Scanning,  Inc. ),  the  image  is 
swept  across  the  detector  at  a rate  of  approximately  60  Hz.  The  detector 
(Arthur  D.  Little,  Inc.  ) utilizes  a mercury  cadmium  tellurlde  element  0.  001 
inch  wide  and  0.020  inch  high.  The  spectral  response  of  this  detector  with  a 
1000  K black  body  source  is  shown  in  Figure  3.  This  characteristic,  combined 
with  that  of  the  Blocking  filter,  results  in  an  effective  wavelength  band  for  the 
measurement  of  approximately  8-12  Mm.  The  amplified  detector  output  is 
applied  to  a computer  of  average  transients  or  CAT  (Technical  Measurement 
Corp. ) which  builds  up  an  acceptably  noise -free  record  of  the  intensity  distri- 
bution across  the  image  in  a minute  or  so. 

3.  MEASUREMENT  PROCEDURE 


The  stored  up  record  of  intensity  versus  position  may  be  displayed 
on  an  x-y  recorder.  By  examining  this  distribution,  a suitable  measure  of 
the  image  width  may  be  obtained.  This  is  illustrated  in  Figure  4,  which  shows, 
with  some  smoothing,  a typical  output  curve  obtained  from  the  CAT.  The 
baseline  is  the  level  observed  far  off  the  peak  of  the  image;  the  versatility  of 
the  CAT  allows  this  to  be  displayed  below  the  peak  as  shown,  The  width  of 
the  image  is  Indicated  at  50%  and  at  15%  of  peak. 

To  test  the  image  spoiling  property  of  a plate  of  material,  measure- 
ments are  made  with  and  without  the  plate  placed  in  the  collimated  beam  between 
the  two  paraboloids,  and  the  extent  to  which  the  width  of  the  image  is  changed 
by  the  presence  of  the  plate  is  observed.  An  actual  record  of  outputs  from  the 
CAT  is  shown  in  Figure  5 reduced  in  size.  The  two  curves  near  the  center 
are  the  image  curves  for  a clear  aperture  of  7 inches  (determined  by  the  iris 
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diaphragm;  see  Figure  1)  and  for  a sample  of  zinc  sulfide,  with  their  respec- 
tive baselines  recorded  below  the  curves,  (The  original  curves  may  be  re- 
corded In  four  different  colors,  which  facilitates  separating  out  the  curves 
obtained  under  various  conditions. ) The  two  curves  near  the  outer  edges  of 
the  figure  are  used  to  calibrate  the  abscissa  scale.  These  two  curves  are 
segments  of  the  image  obtained  from  a double  silt  of  known  separation  (404  ^m). 
Since  the  source  is  placed  at  the  focal  point  of  a 64  inch  focal  length  reflector, 
the  separation  of  the  two  peaks  on  the  image  corresponds  to  an  angular  subtense 
of  the  source  of  249  /urad.  Prom  the  linear  separation  of  the  image  peaks  of 
28.2  cm,  we  thus  conclude  that  1 cm  on  the  abscissa  corresponds  to  8,  83 
pradians. 

4.  RESULTS 

A typical  set  of  results  are  shown  in  Table  1.  The  samples  listed 

are  three  CVD  zinc  sulfides  of  two  different  input  reactant  molar  ratios,  one 

zinc  sulfide  of  unknown  identity  but  poor  quality,  and  zinc  selenlde  prepared  by 

the  physical  vapor  deposition  process.  The  aperture  was  determined  by  the  Iris 

diaphragm  which  was  normal  to  the  test  beam  except  as  noted.  The  Incident 

angle  is  the  angle  between  the  test  beam  and  normal  to  the  surface;  this  Is 

further  clarified  In  the  notes.  The  width  of  the  Image  is  characterized  by 

the  width  In  microradlans  of  the  curve  at  15%  of  peak  intensity.  (We  have  used 

this  15%  specification  because  It  is  the  practice  currently  being  followed  in 

2 

image  spoiling  measurements  at  WPAPB, 

In  the  case  of  the  first  three  zinc  sulfides,  it  will  be  noted  that  Inser- 
tion of  the  sample  at  normal  incidence  resulted  In  a decrease  of  the  width  at 
15%  peak  of  about  5 prad.  This  effect  was  reproduced  a number  of  times  and 
Is  not  the  result  of  a simple  blunder  or  noise.  One  possible  explanation  for 
this  effect  is  that  It  arises  from  the  decreasing  transmissivity  of  the  sample 
at  the  longer  wavelengths  (>  10.5  pm)  which  contribute  a greater  diffraction 
width  than  the  shorter  wavelengths.  When  the  sample  was  rotated  by  45  degrees 
about  a vertical  axis  (i.  e. . an  axis  parallel  to  the  slit)  the  image  width  observed 
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was  about  equal  to  that  for  the  clear  aperture.  This  Is  also  true  when  the 
sample  was  tilted  45  deg  about  a horizontal  axis  which  Itself  is  perpendicular 
to  the  test  beam.  It  would  appear  that  for  these  three  materials  the  image 
spoiling  is  minimal.  This  ie  clearly  not  true  for  the  unknown  ZnS  nor  the 
PVD  ZnSe. 

5.  MODULATION  TRANSFER  FUNCTION 

It  may  be  recognized  that  the  curves  generated  by  the  image  spoiling 
measurement  apparatus  contain  more  Information  than  merely  the  width  at 
some  arbitrary  fraction  of  peak  intensity.  These  curves  arc  an  approximation 
of  the  line  spread  function  (LSF)  for  the  system  under  test.  (Some  distortion 
of  the  LSF  arises  from  the  non-zero  widths  of  source  and  detector. ) The 
modulus  of  the  Fourier  transform  of  the  LSF  is  the  Modulation  Transfer 
Function  (MTP),  which  is  frequently  used  to  characterize  the  Image  qualities 
of  optical  components.  If  the  Image  is  formed  of  an  object  consisting  of  alter- 
nating light  and  dark  bars,  the  MTP  describes  the  way  in  which  the  contrast  In 
the  image  depends  on  the  spatial  frequency.  We  are  In  the  process  of  setting  up 
the  appropriate  hardware  and  software  to  obtain  the  MTP  from  the  output  of  the 
CAT, 
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TABLE  A1 


Sample 

Aperture 
(In. ) 

None 

6-1/2 

ZS-207 

it 

(0.  4 HjS/Zn) 

tt 

None 

8 

ZS-207 

It 

None 

B-1/2 

ZS-213 

II 

<0,7  HgS/Zn) 

ft 

None 

8 

ZS-213 

n 

Incident 

Angle 

(des) 


None 

5 

ZS-167P 
(0.4  H2S/ZnS) 

tl 

None 

5-1/2 

Unknown  ZnS 

It 

None 

7 

ZnSe-PVD-41 

tt 

None 

4-1/2 

ZnSe-PVD-41 

tl 

Noteei 

A.  The  iris  diaphragm  was  perpendicular  to  the  test  beam.  For  the  45  deg 
meaeurementf  the  sample  only  was  rotated  about  a vertical  axis  (see  Fig.  1). 

B.  The  Iris  diaphragm  was  always  tilted  at  an  angle  of  45”  with  respect  to 
the  vertical,  so  that  the  effective  height  of  the  test  beam  was  S/s/i!  Inch. 

The  sample  was  placed  parallel  to  the  diaphragm. 
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Parabolokkil  mirror 


Detector  Response  With  1000  K Black  Body  Source. 


Typical  Image  Spoiling  Scan. 
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